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Abstract 
 Electromyographic signals are often disguised beneath a large DC offset and noise 
generated from electrical sources, specifically from power lines and motion artifact.  To isolate 
the electromyographic signal from the electrical noise, the signal must be amplified when it is 
first acquired.  This amplification stage can be embedded within an electrode-amplifier so that it 
provides an AC-coupled, differential gain with a high common mode rejection ratio and a high 
input impedance.  This project compares and contrasts three possible circuit designs for an 
electrode-amplifier.  All three designs utilize an instrumentation amplifier, which provides a high 
input impedance and common mode rejection ratio.  The first design is a classic, DC-coupled 
instrumentation amplifier circuit with a gain of twenty.  (AC filtering would be included in a 
subsequent stage of the design.)  The second design incorporates a novel AC-suppression circuit 
within the classic design.  The third design, proposed by Enrique Spinelli, Ramon Pallàs-Areny, 
and Miguel Mayosky (2003), prepends a novel AC-coupling circuit to the classic design, 
permitting a high circuit gain.  This third design was analyzed and then implemented in 
hardware.  The hardware design had a gain of one hundred, a common mode rejection ratio 
greater than ninety decibels, and a low RMS noise when referred to the input. 
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Executive Summary 
 Electromyography (EMG) is a method to detect, record, and interpret electrical signals 
from contracting muscles.  Typically, surface electromyography recording devices are designed 
with two instrumentation stages.  With this approach, the first stage- an electrode-amplifier- is 
designed separately from a signal conditioning circuit, the second instrumentation stage.  In this 
report, we will compare and contrast three electrode-amplifier designs- our current design with a 
gain of twenty, a novel design using an instrumentation amplifier and a complex impedance, and 
a new AC-coupled front end design published in the literature that is used in conjunction with an 
instrumentation amplifier. 
Our goal is to develop an electrode-amplifier with a high differential gain, a high 
common mode rejection ratio, and a lower amount of noise at the device’s output.  High 
differential gains in the electrode-amplifier typically improve the common mode rejection ratio 
and lower the noise floor.  However, high differential gains are generally avoided because of the 
large DC offsets, upwards of a few hundred milli-volts, that may exist in the electromyographic 
signal.   
While there are many approaches to designing an electrode-amplifier, we have analyzed 
and performed some testing on two circuit designs.  The first circuit design involves an 
instrumentation amplifier, which can be purchased as an integrated circuit.  The gain of the 
instrumentation amplifier can be controlled by an external impedance.  For a purely resistive 
impedance, a resistor can be used.  In the case of an electrode-amplifier, a gain with a high pass 
characteristic may eliminate the DC offset, which will avoid the operational amplifiers from 
becoming saturated.   
To implement a nearly high pass characteristic, a complex impedance consisting of a 
resistor and capacitor in series may be used (our second electrode-amplifier design).  Because of 
our desire for a high gain, we must use an extremely large un-polarized capacitor, which are 
limited in availability and can be costly since large-valued surface mount capacitors are limited 
in their physical dimensions.   
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The third electrode-amplifier circuit design uses an AC-coupled front end in conjunction 
with an instrumentation amplifier.  This design, shown in Figure 1 below, uses a resistive and 
capacitive network to eliminate the DC offset. 
 
Figure 1- An instrumentation amplifier with an AC-coupled front end that uses  
three operational amplifiers to take the difference of two input signals,  
e1 and e2, and amplifies the resulting signal to produce the output signal, Vout. 
With this design, the common mode rejection ratio would theoretically be infinite when 
perfectly matched components are used.  While an infinite common mode rejection ratio is 
unattainable because of mismatched components, we found that any common signal at the 
electrode inputs is not amplified or enhanced by the front end circuit and common DC signals are 
rejected.  Eliminating this DC offset allows the true electromyographic signal to be passed 
through the instrumentation amplifier and into the further stages of the signal conditioning 
circuit.  Also, eliminating this offset before it reaches the instrumentation amplifier prevents the 
DC offset from being amplified.  A larger signal gain can then be applied without the risk of 
signal saturation. 
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We implemented this AC-coupled front end circuit design using two instrumentation 
amplifiers, Texas Instruments’ INA128 and INA141, setting the gain equal to one hundred.  For 
the INA128 instrumentation amplifier, we found that the average differential gain was equal to 
81.3 at frequencies greater than or equal to ten Hertz.  This result was significantly less than our 
desired gain of one hundred, but it can be explained by the gain setting resistor value and its 
tolerance level.  We also noticed that as the frequency increased, the common mode gain 
decreased such that the common mode gain was equal to 0.0014 at frequencies greater than ten 
Hertz.  Even though the differential gain was smaller than our desired gain of one hundred, the 
common mode rejection ratio increased as the frequency increased.  The average common mode 
rejection ratio equaled 95.4 decibels at frequencies greater than or equal to ten Hertz, and the 
wide-band input-referred noise measured was 6.4 µVRMS. 
 We then tested the performance of the AC-coupled front end circuit using Texas 
Instruments’ INA141 instrumentation amplifier.  The INA141 instrumentation amplifier has two 
gain settings, either ten or one hundred.  We configured the device to have a gain of one 
hundred, and we found that at frequencies greater than or equal to ten Hertz the average 
differential gain was equal to 95.9.  This result is much closer to our desired gain of one hundred 
when compared to the differential gain of the electrode when using Texas Instruments’ INA128 
instrumentation amplifier.  This result can be explained by the precision gain that is programmed 
into the INA141 chip. 
We also found that the average common mode gain was equal to 0.0019, or slightly 
larger than the common mode gain of the INA128 instrumentation amplifier.  Using the 
differential and common mode gains, we calculated the common mode rejection ratio, whose 
average equaled 94.1 decibels at frequencies greater than or equal to ten Hertz.  In addition, we 
measured the true root mean square voltage of the wide-band noise referred to the input to be 
13.0 µVRMS. 
After measuring the performance of the device, we noticed that the common mode 
rejection ratio is greater than ninety decibels, and in some cases, very close to one hundred 
decibels.  However, we saw that the gain was much closer to our desired gain, when compared to 
the INA128 instrumentation amplifier, because of the precision cut resistors within the INA141 
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instrumentation amplifier.  While these values do not meet the specifications for either device, 
the results can be attributed to non-ideal testing conditions and errors in the gain measurement 
process itself.  The output noise of the AC-coupled front end circuit design was also small, but 
the input-referred noise of the INA128 instrumentation amplifier was significantly smaller than 
that of its counterpart. 
 In addition to analyzing and implementing the AC-coupled front end circuit design, we 
also aimed to electrically shield the electrode-amplifier.  Electrical shielding is necessary in 
instrumentation if the engineer wishes to reduce or even eliminate excess electrical noise that can 
affect his / her device.  We were able to electrically shield the electrode by implementing a 
reference plane on the printed circuit board and connecting the cable’s braided shield to the 
reference plane. 
This design uses an AC-coupled front end circuit in conjunction with an instrumentation 
amplifier.  With this design, we were able to attain large gains close to one hundred and high 
common mode rejection ratios greater than ninety decibels.  The high differential gain helps to 
reduce the amount of noise found in the electromyographic signal, while the AC-coupled front 
end circuit removes most of the DC offset found within the signal.   
In the future, we would like to investigate the use of other instrumentation amplifiers and 
enable a selectable gain for gains larger than one hundred.  Having larger gains will aid in the 
reduction of electrical noise, which can further disguise the electromyographic signal.  We also 
hope to improve the physical size of the electrode-amplifier, manufacture the stainless steel 
contacts, and develop a better method to solder stainless steel so that there is a stronger electrical 
connection.  We would also like to produce a large number of these electrodes and connect them 
to the signal conditioning unit that currently exists and test the electrodes on human subjects. 
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1. Introduction 
 Electromyography (EMG) is a method to detect, record, and interpret electrical signals 
from contracting muscles.  To understand how these electrical signals are generated, we must 
have a basic knowledge of human muscle physiology.  A motor unit is a grouping of muscle 
fibers that have been innervated with neurons.  When a muscle needs to contract or exert a 
specific amount of tension, the central nervous system sends an activation signal to the motor 
unit.  These electrical signals, called motor unit action potentials, are generated from the 
polarization and depolarization of the muscle fiber membrane.  When a large amount of force is 
needed, multiple motor units are recruited and begin to generate stronger motor unit action 
potentials through the polarization and depolarization of each membrane (De Luca 2006).  A raw 
EMG tracing is shown in Figure 2 below. 
 
Figure 2- A raw surface EMG recording of three static  
contractions of the biceps brachii muscle (Konrad 2005) 
 Typically, surface electromyography recording devices are designed with two 
instrumentation stages.  With this approach, the first stage- an electrode-amplifier- is designed 
separately from a signal conditioning circuit, the second instrumentation stage.  Clancy used this 
approach in designing a high-resolution, monopolar, EMG electrode-amplifier array and the 
signal conditioning circuit used to process the obtained data (Clancy 2002). 
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The majority of the surface electromyographic signal ranges in frequency from ten to 
four hundred Hertz, although useful information can be found at least out to nearly two thousand 
Hertz.  Because of the low frequencies, the signal can become disguised or lost among electrical 
noise.  Ambient and inherent noises, which may be up to three times the magnitude of the 
electromyographic signal, result from electronics and electromagnetic interference from power 
lines, light bulbs, and other electromagnetic devices.  The dominant source of noise arises from 
power lines that operate at sixty Hertz in North America (De Luca 2006). 
 Another source of noise results from motion artifacts.  Noise from motion artifact can be 
generated from physical movement of the device or from the surface of the electrode and the 
skin.  This electrical noise has most of its energy between zero and twenty Hertz.  Since the 
majority of the electromyographic signal ranges from ten to one hundred fifty Hertz, these 
sources of noise can severely disguise the actual signal (De Luca 2002).   
While many people have attempted to eliminate electrical noise from affecting the full 
signal, noise will still exist and impact the electrode’s performance.  This problem is particularly 
true of the motion artifact that results from the skin-electrode surface.  We are limited in 
minimizing this noise because of the half cell potential of the skin and its variable electric 
potential.  However, we can reduce the skin-electrode impedance by cleansing the skin with 
rubbing alcohol and by using a conductive paste between the skin and the surface electrode 
(Clancy, Morin, and Merletti 2002). 
 An electrode-amplifier can help minimize electrical noise by amplifying the 
electromyographic signal when it is first acquired which will help separate the true signal, which 
ranges from five to ten milli-volts, from electrical noise (Salini, Tranquilli, and Prakash 2003).  
To help prevent patient injuries, the power supply needed to power the electrode-amplifier must 
be electrically isolated.  In general, all electrical components on the patient’s side of the signal 
isolator must be powered by an isolated power supply.  Therefore, the output signal of the 
electrode-amplifier will be referenced to the isolated power supply.    
 The output signal can then be processed using the signal processing circuit.  The signal 
processing unit does not need to be electrically isolated and is referenced to Earth ground.  While 
the unit does not need to be electrically isolated, the signal itself will be isolated using either a 
18 
 
transformer or an opto-coupler.  In the signal processing circuit, the signal will be filtered using 
high-pass filtering methods to eliminate noise from motion artifacts and offset potentials.  The 
signal will also be filtered using low-pass filtering methods to remove additional frequencies and 
noise beyond the frequencies found in typical electromyographic signals and for anti-aliasing 
purposes (Clancy 2002).  The final signal will then be converted from an analog to digital signal 
and then processed using digital signal processing techniques. 
We investigated ways to improve electrode-amplifier performance with emphasis on the 
common mode rejection ratio and the level of noise at the output of the device.  High differential 
gains in the electrode-amplifier typically improve the common mode rejection ratio and lower 
the noise floor.  However, high differential gains are generally avoided because of the large DC 
offsets that may exist in the electromyographic signal.  A high differential gain will amplify the 
DC offsets which may saturate the instrumentation amplifier.  For this reason, our past designs 
are DC-coupled and have limited the electrode-amplifier gain to twenty. 
In this report, we will focus on improving the electrode-amplifier circuit design by 
investigating two alternative circuit designs that permit higher electrode-amplifier gains.  Our 
goal is to develop an electrode-amplifier with a high differential gain, a high common mode 
rejection ratio, and a lower amount of noise at the device’s output.  While there are many 
approaches to this design problem, we have analyzed and performed some testing on two circuit 
designs: one method uses a complex impedance in conjunction with an instrumentation 
amplifier, while the other method involves adding an AC-coupled front end circuit to the 
instrumentation amplifier. 
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2. Background and Literature Review 
There are several aspects to designing and implementing the electrode-amplifier circuit.  
We must first look at existing techniques used for an instrumentation amplifier, a proposed AC-
coupled front end differential amplifier, the concept of shielding, and the electrode contacts and 
its associated materials. 
2.1 The Classic Three Op-Amp Instrumentation Amplifier 
A classic instrumentation amplifier has a high input impedance and uses three operational 
amplifiers to take the difference between two signals, e1 and e2, amplify the resulting signal to 
produce the output signal Vout.  Although an instrumentation amplifier can be purchased as an 
integrated circuit, we will analyze the typical internal functional configuration of this chip.  Since 
many manufacturers make instrumentation amplifiers based on this three op-amp design, internal 
resistor values vary. 
We can analyze this circuit, shown in Figure 3, using nodal analysis.  The two signals, e1 
and e2, are electromyogram input signals from the electrodes, and the output voltage, Vout, is the 
detected voltage passed on to the remainder of the front end circuit for further signal processing.  
The circuit user can provide the complex impedance, ZG, to the integrated circuit. 
To analyze this circuit, we use an ideal operational amplifier model and assume that 
stable negative feedback exists.  We also use the summing-point constraint which states that the 
differential input voltage across the terminals and the input current into each operational 
amplifier terminal is equal to zero (Hambley 2000). 
20 
 
 
Figure 3- A classic three op-amp instrumentation amplifier takes the difference of two  
input signals, e1 and e2, and amplifies the resulting signal to produce the output signal Vout. 
Beginning with the inverting terminal of amplifier A1, we can derive the following 
equation using Kirchhoff’s Current Law: 
 −  +  − 	 = 0. 
After algebraic manipulation, we find that the voltage at node V1 can be described using 
Equation 1:  
  =  +  	 . Equation 1 
Next, we can derive an equation to find the voltage at node V2 by looking at the inverting 
input of amplifier A2: 
 −  +  − 	 = 0. 
After manipulating the previous equation, we find Equation 2 below: 
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  =   − 	  + . Equation 2 
Writing Kirchhoff’s Current Law at the inverting input of amplifier A3, we derive the 
following equation: 
 −  +  −  = 0. 
Rearranging this equation, we can describe the output voltage of the instrumentation 
amplifier using Equation 3: 
  = 2 − . Equation 3 
We can derive the following equation using Kirchhoff’s Current Law at the non-inverting 
input of amplifier A3:  
 +  −  = 0. 
After algebraic manipulation, we can derive Equation 4 below: 
 2 = . Equation 4 
Using the previous four equations, we can first substitute Equation 4 for V3 and Equation 
1 for V1 in Equation 3. 
 = 2 −  
 =  −  +  	  
We can then substitute Equation 2 for V2 and find the following equation: 
 =   − 	  +  −  1 + 	 −  	. 
After performing the following manipulations, we can simplify these equations to find 
Equation 5 below: 
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 =  − 	 +  −  − 	 + 	  
  = 2 − 	 +  − . Equation 5 
The differential transfer function, H(ω), is the output voltage signal, Vout, divided by the 
input signal, e2-e1.  In this case we find that 
 = 2	 + 1. 
The gain of the instrumentation amplifier can be controlled by ZG.  For a purely resistive 
impedance, a resistor can be used.  In the case of an electrode-amplifier, a gain with a high pass 
characteristic may eliminate the DC offset, which will avoid the operational amplifier from 
becoming saturated.  To implement a nearly high pass characteristic, a complex impedance 
consisting of a resistor and capacitor in series may be used.  This impedance can be modeled by 
Equation 6: 
 	 =  	 + 1	 . Equation 6 
After substituting Equation 6 for ZG into Equation 5, we find the transfer function shown 
in Equation 7 below. 
 
 = 1 + 2			 + 1 Equation 71 
We can plot the magnitude of the transfer function, shown in Figure 4, using MATLAB.  
Please note that we assume the use of Texas Instruments’ INA128 instrumentation amplifier, 
with R1 equal to 25 kΩ and R2 equal to 40 kΩ.  From this plot, we see that the DC differential 
gain is equal to one.  Thus, the DC offset is not eliminated, but it is not amplified by the 
passband gain. 
 
                                                 
1
 The component values in Equation 7 refer to the components shown in Figure 3. 
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Figure 4- Magnitude of the transfer function, |H(ω)|, using Texas Instruments’  
I	A128 instrumentation amplifier, a gain of 50, RG = 1 kΩ, and CG = 150 µF 
2.2 Circuit for AC-Coupled Front End 
In addition to the classic, three op-amp instrumentation amplifier, a new approach to a 
differential circuit that allows for a much higher gain and common mode rejection ratio is to use 
a passive AC-coupled front end circuit designed and developed by Enrique Spinelli, Ramon 
Pallàs-Areny, and Miguel Mayosky (2003).  AC-coupling refers to the use of capacitors within a 
circuit so that only the AC, or alternating current, signal passes from one input to the output 
(Hambley 2000).  With regards to this circuit, AC-coupling removes any DC offset that occurs 
between the input signals, e1 and e2. 
In the proposed circuit, shown below in Figure 5, the common mode rejection ratio would 
theoretically be infinite when perfectly matched components are used.  We will analyze this 
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circuit using mismatched components later in this report.  However, we will first analyze this 
circuit assuming the use of perfectly matched, ideal components.  
 
Figure 5- An instrumentation amplifier with an AC-coupled front end  
that uses three operational amplifiers to take the difference of two input signals,  
e1 and e2, and amplifies the resulting signal to produce the output signal, Vout. 
As with the previous circuit, we will use an ideal operational amplifier model with stable 
negative feedback and assume that the differential input voltage and current at each operational 
amplifier is zero.  Since the circuitry enclosed in the dashed-line box is a generic, three op-amp 
instrumentation amplifier, the analysis remains the same as described in the previous equations.  
Therefore, we will focus our analysis on the AC-coupled front-end.  Please note that we have 
redefined the component symbols since the authors used these component labels in their analysis.   
According to the ideal operational amplifier model, the current entering the input 
terminals of the op-amp is zero.  Therefore, we can write the node equation for V1 as 
  −  +  −  = 0. 
Solving for V3, we find that 
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 =  −  +  . 
Using the same ideal operational amplifier model, we can write the node equation for V2 
such that 
 −  +  −  = 0. 
After rearranging the equation for V3, we find that 
 =  −  +  . 
We can now eliminate the V3 term by equating the two equations. 
 −  +  =  −  +  . 
After algebraic manipulations, we can isolate the output voltages, V1 and V2, on one side 
of the equation and the input voltage signals, e1 and e2, on the other side. 
 −  +  =  −  
Solving for the differential gain, the output voltage (V1-V2) divided by the input voltage 
(e1-e2), we find Equation 8 below: 
 
 −  −  =  +  . Equation 8 
The impedance of a capacitor is given as 
 = 1. 
After substituting this equation into Equation 8 and performing a few algebraic 
manipulations, we find the transfer function, H(ω), to be Equation 9 below: 
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  =  + 1. Equation 92 
We can see from the plot of the transfer function, shown below in Figure 6, that this 
circuit behaves like a high pass filter to the differential input.  We will later use Equation 9 to 
design a high pass filter within the AC-coupled front end of the proposed circuit. 
 
Figure 6- Magnitude of the transfer function of the AC-coupled  
front end circuit where C = 0.22 µF and R2 = 715 kΩ. 
2.3 Electrical Shielding 
Electrical shielding is necessary in instrumentation if the engineer wishes to reduce or 
even eliminate excess electrical noise that can affect his / her device.  In his book, Morrison 
                                                 
2
 The component values in Equation 9 refer to the components shown in Figure 5. 
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(1967) introduces three rules to electrical shielding.  Two of these rules directly pertain to our 
circuit design and signal processing. 
The first rule states that “an electrostatic shield enclosure, to be effective, should be 
connected to the zero-signal-reference potential of any circuitry connected within the shield.”   
Therefore, any signal should be tied to a zero-signal reference potential.  The shield will be 
rendered useless if the signal is tied to a zero reference potential and then the shield is tied to 
ground, and vice versa. 
The second rule tells us that “the shield conductor should be connected to the zero-signal-
reference potentials at the signal-earth connection.”  To help eliminate noise generated from 
excessive currents, the shield’s conductor should have a path to the signal earth connection.  
Having this path would provide a place for excess currents to drain and prevent them from 
affecting the original circuitry (Morrison 1967). 
2.4 Electrode Materials 
Electrodes, for them to be effective, must be made of conductive materials.  We will 
focus on two key components- the electrode contacts and the electrolyte paste / epoxy.  Silver / 
silver chloride electrode contacts are the most frequently used in disposable electrodes because 
of the materials’ electrical stability and because they maintain a consistent offset voltage.  The 
electrode contact must also be able to resist corrosion when submersed in the electrolytic 
solution (Johnson and Floren 1974, 67).  Because silver / silver chloride contacts do corrode, 
they are not suitable for reusable electrodes. 
While silver / silver chloride electrode contacts are most commonly used, stainless steel 
would also perform well within the electrolytic solution.  A problem with stainless steel 
electrode contacts is that the metal is difficult to machine and to solder.  
The purpose of the electrolytic paste is to lower the skin-electrode impedance.  In some 
cases, the electrode paste can reduce the electrode-skin impedance to be approximately 1000 
ohms (Yanof 1972).  If the skin is rubbed and irritated with an alcohol swab before the electrode 
is placed on the patient, the skin-electrode impedance can be decreased even more at lower 
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frequencies.  However, this abrasion has little effect at higher frequencies since the overall skin 
impedance decreases as the frequency increases (Swanson and Webster 1974). 
The electrolyte paste or epoxy must also be conductive, must be compatible with the 
electrode contact itself, and must also be well-suited for the skin (Johnson and Floren 1974, 67).  
Several electrode gels are commercially available and many different formulas exist.  A formula 
for an electrode paste that NASA has used in the past is shown below in Figure 7 (Yanof 1972). 
1 gram Methyl-ρ-hydroxy benzoate 
1 gram Propyl-ρ-hydroxy benzoate 
80 grams Hydroxyethyl cellulose 
35 grams Polyvinylpyrrolidone K-90 
90 grams Sodium chloride 
3.1 grams Potassium chloride 
3.3 grams Calcium chloride 
1 liter Water 
Figure 7- Electrolytic paste formula previously used by 	ASA  
(Yanof 1972) 
2.5 Electrode-Amplifiers Commercially Available 
There are several electrode-amplifiers currently available on the market.  Two 
companies, DelSys Incorporated and Motion Lab Systems, have electrode-amplifiers for use 
specifically with electromyography. 
2.5.1 DelSys Incorporated 
DelSys Incorporated currently offers three types of surface electromyography sensors.  
These sensors, which can be seen in Figure 8, do not require the use of an electrode gel and can 
be attached to the skin with a convenient adhesive (DelSys Incorporated 2009). 
The DE-2.1 Bagnoli and DE-3.1 Bagnoli sensors have a preamplifier gain of ten and an 
input-referred noise level of 1.2 µVRMS.  The DE-2.1 Bagnoli is a single differential electrode-
amplifier with two contacts and a typical power consumption of 20 mW, while the DE-3.1 
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Bagnoli is a double differential amplifier with three contacts and a typical power consumption of 
45 mW.  The DE-2.3 Myomonitor sensor is a single differential electrode-amplifier, has two 
contacts, a gain of one thousand, an input-referred noise level of 1.5 µVRMS over the range of 
twenty to four hundred fifty Hertz, and a typical power consumption of 40 mW (DelSys 
Incorporated 2009). 
 
Figure 8- DelSys Surface EMG Sensors 
(DelSys Incorporated 2009) 
All three types of electrode sensors have a typical common mode rejection ration of 92 
decibels and share the same patented technology, shown in Figure 9 below.  This technology 
includes shields to protect from noise generated from radio frequencies and electromagnetic 
interference (DelSys Incorporated 2009). 
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Figure 9- DelSys Electrode Technology (DelSys Incorporated 2009) 
2.5.2 Motion Lab Systems 
Motion Lab Systems offers three types of surface electrodes for electromyography.  All 
of these electrodes share several characteristics.  First, all of the electrodes have differential 
inputs and input impedances greater than one hundred million ohms.  Second, all three designs 
offer a low output impedance which can reduce noise and motion artifact and contain an 
independent and isolated shield to prevent radio frequency and electromagnetic interference.  
Each design has an overall input-referred noise of less than 1.2 µVRMS and a common mode 
rejection ratio greater than 100 decibels at 65 Hertz.  These electrodes have a wide power supply 
range, yet consume approximately 2.4 mA (Motion Lab Systems MA-411 2009). 
The MA-411 and Z03 electrode-amplifiers, shown in Figure 10, share the same casing, 
external design, and the contacts are made of stainless steel.  The MA-411 offers a gain of 
twenty at one kilo-Hertz and has a signal bandwidth of 20 Hertz to 3,500 Hertz (Motion Lab 
Systems MA-411 2009).  The Z03 electrode-amplifier has a gain of three hundred at one 
kilohertz and a signal bandwidth of 15 Hertz to 2,000 Hertz (Motion Lab Systems Z03 2009). 
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Figure 10- Motion Lab Systems MA-411 (Motion Lab Systems MA-411 2009) and  
Z03 (Motion Lab Systems Z03 2009) Surface Disk EMG Preamplifier Electrodes 
The MA-420 electrode-amplifier, shown in Figure 11, uses disposable gel electrodes with 
snap connectors and works well even when there is sweat and moisture on the patient’s skin.  
This electrode offers a gain of twenty at one kilohertz and a signal bandwidth of 10 Hertz to 
2,000 Hertz (Motion Lab Systems MA-420 2009). 
 
Figure 11- Motion Lab System MA-420 EMG Snap Preamplifier Electrode  
(Motion Lab Systems MA-420 2009) 
2.6 Desired Specifications 
An electrode-amplifier for electromyography should meet the following specifications: 
• The common mode rejection ratio (CMRR) should be greater than or equal to one 
hundred decibels.  Note that common mode rejection ratios larger than ninety decibels are 
difficult to measure in typical laboratory environments. 
•  The electrode-amplifier should have a high input impedance, greater than one hundred 
mega-ohms, so that it draws minimal amounts of current from the patient. 
• The output impedance should be low so that the electromyographic signal is not affected 
by the current needed to drive the following signal conditioning stages. 
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• The electrode should have a differential gain between fifty and two hundred.  The gain 
should be as high as possible without saturating the operational amplifier, taking into 
account the DC offset of the signal and operational amplifiers.  This high gain will also 
help reduce the amount of electronic noise acquired along with the electromyographic 
signal. 
• The electrode must be AC-coupled. 
• The device should consume little power and should reject power-line noise as much as 
possible. 
• To minimize the risk of electrical shock and ensure patient safety, the electrode should be 
electrically isolated. 
• The electrode should be small in size and enclosed within an epoxy, and the electrode 
contacts should be made from stainless steel. 
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3. Design Performance 
In order to determine which design might work best for our application, we must first 
perform an in depth analysis of the classic three op-amp instrumentation amplifier configured 
with a resistor and capacitor in series and of the AC-coupled front end circuit.  We must look at 
the transfer functions, the component values, and the common mode rejection ratios of each 
configuration. 
3.1 Classic Three Op-Amp Instrumentation Amplifier 
To begin our frequency analysis of the classic, three op-amp instrumentation amplifier, 
we must first find the passband gain.  Since we know the shape of the transfer function, the 
passband gain occurs as the frequency approaches infinity.  Therefore, as seen in Equation 10 
below, we can take the limit of the transfer function as ω approaches infinity. 
 lim#→% 2			 + 1 + 1 Equation 10 
 
When the frequency is sufficiently large, the capacitor acts like a short circuit.  Therefore, 
the passband gain equals 
 
&'(()'*+,'-* = 2 + 		  . Equation 11 
To find the cutoff frequency, we must find the magnitude of the transfer function and set 
it equal to 
√ times the passband gain.  In an effort to simplify the mathematics, we will square 
the magnitude of the transfer function and the passband gain. 
 /&'(()'*+,'-* 0 = 2 + 		   Equation 12 
Now we must look at the frequency response of the transfer function, previously shown 
in Equation 7.  Rewriting this equation yields Equation 13 below. 
  = 1 + 	2 + 	1 + 		  Equation 13 
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We can now square the magnitude of the transfer function.  This result yields Equation 14 
below. 
 || = 1 + 	 2 + 	1 + 		  Equation 14 
We can now multiply the squared passband gain, Equation 14, by one-half and set this 
value equal to the squared magnitude of the transfer function.  Since we are interested in what 
happens three decibels down from the passband gain, we must apply this factor of one-half to our 
equation. 
2 + 	2	 = 1 + 	 2 + 	1 + 		  
Cross multiplying yields 
2 + 	 + 		2 + 	 = 2	 + 2		 2 + 	 . 
After isolating all terms that contain ω, we find that 
2 + 	 − 2	 = 		  2 + 	 . 
We can now isolate ω
2
 to find Equation 15 below. 
  = 2 + 	 − 2			 2 + 	   Equation 15 
We must now determine what conditions must be met so that a real set of solutions exist.  
For a real solution to exist the numerator of the equation for ω
2
 must be greater than or equal to 
zero.  After expanding and simplifying the terms in the numerator, we find that 
4 + 4	 − 	 ≥ 0 . 
The value R1 is predetermined depending on which instrumentation amplifier chip we 
chose to use.  Therefore, for our purposes, we will consider R1 to be a known value, which 
allows us to use the quadratic equation to find the critical resistor value for RG. 
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	4566478 = −4 ± :4 − 4−142−1  
	4566478 = −4 ± :32−2  
	4566478 = 2<1 ± √2= 
Since resistors only have positive values, we can ignore the negative solution and we find 
Equation 16 for the critical value of RG. 
 	4566478 = 2<1 + √2= Equation 16 
Substitution into the equation for ω
2
, Equation 15, shows that RG must be greater than the 
critical value of RG.  We can calculate the values of RG needed for our desired gain.  By 
rewriting Equation 11 for the passband gain, we find that  
	 = 2,'-* − 1 . 
After calculating values of RG for our desired gain, we can rewrite Equation 15 to solve 
for the capacitor value CG as a function of the desired cutoff frequency. 
	 = 12>?	 @1 − 2	2 + 	 
The calculated values of RG and CG for gains of 50, 100, and 200, and cutoff frequencies 
of one Hertz, five Hertz, and ten Hertz are shown below in Table 1.  Please note that Table 1 
assumes the use of Texas Instruments’ INA INA128 instrumentation amplifier with an internal 
resistance, R1, of 25 kΩ (Texas Instruments INA128 2005).  
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Resistor and Capacitor Values Using the TI I	A128 Instrumentation Amplifier 
Gain Cutoff Frequency (Hz) RG (Ω) CG (µF) 
50 1 1020.4 155.9 
100 1 505.1 315.1 
200 1 251.3 633.4 
    
50 5 1020.4 31.2 
100 5 505.1 63.0 
200 5 251.3 126.7 
    
50 10 1020.4 15.6 
100 10 505.1 31.5 
200 10 251.3 63.3 
Table 1- Table of Resistor and Capacitor Values for the Given Gains and  
Cutoff Frequencies and Using Texas Instruments’ I	A128 Instrumentation Amplifier 
If we were to use Analog Devices’ AD 620 instrumentation amplifier, with R1 equaling 
24.7 kΩ (Analog Devices AD620 2004), the calculated RG and CG values can be found below in 
Table 2.   
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Resistor and Capacitor Values Using the AD620 Instrumentation Amplifier 
Gain Cutoff Frequency (Hz) RG (Ω) CG (µF) 
50 1 1008.2 157.8 
100 1 499.0 318.9 
200 1 248.2 641.1 
   
50 5 1008.2 31.6 
100 5 499.0 63.8 
200 5 248.2 128.2 
   
50 10 1008.2 15.8 
100 10 499.0 31.9 
200 10 248.2 64.1 
Table 2- Resistor and Capacitor Values for the Given Gains and  
Cutoff Frequencies and Using Analog Devices’ AD620 Instrumentation Amplifier 
Using a breadboard and working at a lab bench, we implemented two of these circuits 
using resistor and capacitor values close to those for gains of 50 and 100 and a cutoff frequency 
of 1 Hertz.  Data obtained in the laboratory using the oscilloscope are denoted in asterisks and 
are plotted in Figure 12 along with the theoretical transfer functions at gains of 50, 100, and 200.   
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Figure 12- Graph of the TI I	A128 instrumentation amplifier with R and C in series, gains  
of 50, 100, and 200, and a cutoff frequency of 1 Hertz.  Real data obtained in the lab are denoted by asterisks. 
Figure 13 and Figure 14 also display the theoretical transfer functions of the TI INA128 
instrumentation amplifier with the resistor and capacitor in series at cutoff frequencies of 5 Hertz 
and 10 Hertz respectively. 
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Figure 13- Graph of TI I	A128 instrumentation amplifier with R and C  
in series with gains of 50, 100, and 200, and a cutoff frequency of 5 Hertz. 
 
Figure 14- Graph of TI I	A128 instrumentation amplifier with R and C 
in series with gains of 50, 100, and 200, and a cutoff frequency of 10 Hertz. 
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3.2 AC-Coupled Front End Circuit 
Prior to prototyping each design, we must first determine the component values needed 
for our desired cutoff frequencies.  Using the equation for the differential mode transfer function, 
Equation 9, we can algebraically manipulate the equation to find the squared magnitude of the 
transfer function. 
|| = ||| + 1| 
Since the passband gain, which occurs as ω approaches infinity, equals one, we can set 
the squared magnitude of the transfer function equal to one half. 
 + 1 = 12 
2 =  + 1 
1 =  
Thus, 
 4 = ±1 Equation 17 
Since we are working with frequencies given in Hertz and not radians per second, we 
must substitute 2πf for ω.  We have now developed Equation 18 to describe the cutoff frequency 
in terms of the component values of the capacitors and resistors. 
 ?4 = 12> Equation 18 
Using this equation, we can now determine values for the capacitors and resistors based 
on the cutoff frequency.  The calculated values for R2 for cutoff frequencies of one Hertz and 
five Hertz and capacitor values of 1 µF, 0.5 µF, 0.22 µF, and 0.1 µF can be found in Table 3 
below. 
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Cutoff Frequency fc Capacitor Value Resistor Values for R2 
1 Hz 1 µF 159.2 kΩ 
1 Hz 0.5 µF 318.3 kΩ 
1 Hz 0.22 µF 723.4 kΩ 
1 Hz 0.1 µF 1.6 MΩ 
   
5 Hz 1 µF 31.8 kΩ 
5 Hz 0.5 µF 63.7 kΩ 
5 Hz 0.22 µF 144.6 kΩ 
 
5 Hz 0.1 µF 318.3 kΩ 
Table 3- Resistor and Capacitor Values for the Front End Circuit 
We implemented and tested this design in the laboratory using a breadboard, resistor 
values of 715 kΩ, and 0.22 µF capacitors.  Because the high input impedance of the 
instrumentation amplifier is only guaranteed when the device is powered, we connected and 
powered the instrumentation amplifier to the AC-coupled front end circuit.  While the 
instrumentation amplifier was powered, we were not concerned with its performance at this time.  
We connected the positive terminal of the function generator to the node e1, while the negative 
terminal was connected to the node e2.  Figure 15 shows the voltages found at these nodes over a 
range of frequencies. 
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Figure 15- Voltages at the inputs e1 and e2 of the AC-coupled front end circuit.   
The blue, diamond symbols represent voltages at e1, while the red, square symbols represent voltages at e2. 
 We then measured the voltage at nodes V1 and V2.  Please note that the output voltages at 
each node can be non-zero values.  However, the voltage at node V2 should be near zero volts.  
The results are plotted in Figure 16 below.  
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Figure 16- Voltages at the nodes V1 and V2 of the AC-coupled front end circuit.  The green, triangle symbols 
represent voltages at V1, while the purple, diamond symbols represent voltages at V2. 
 To verify that the transfer function H(ω) holds true for these values, we took the 
difference of the output voltages, V1 and V2, and divided the result by the difference of the input 
voltages, e1 and e2.  We then plotted the transfer function, H(ω), using the values measured in the 
laboratory.  The plot, shown below in Figure 17, shows that the passband gain of the front end 
circuit is approximately equal to one above the cutoff frequency of approximately one Hertz.  
While there are several data points that are not within the desired range, this can be explained by 
measurement error. 
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Figure 17- Transfer function of the AC-coupled front end circuit using the  
measured values for the input voltages, e1 and e2, and the output voltages, V1 and V2. 
We then began testing the overall electrode-amplifier performance by connecting the AC-
coupled front end circuit to Texas Instruments’ INA128 and INA217 instrumentation amplifiers.  
Each instrumentation amplifier was configured to have a gain of one hundred.  To implement 
this gain, we used a five hundred ohm resistor for the INA128 instrumentation amplifier and a 
one hundred ohm resistor for the INA217 instrumentation amplifier. 
After powering the instrumentation amplifier with a positive and negative fifteen volts, 
we measured the differential and common mode gain of the circuit.  When we first began testing 
the AC-coupled front end using the INA128 instrumentation amplifier, the differential gains and 
common mode gains were excessively large which led to small common mode rejection ratios.  
We then began testing the AC-coupled front end using Texas Instruments’ INA217 
instrumentation amplifier.  Unfortunately, we received results similar to the tests performed 
using the INA128 instrumentation amplifier.   
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In an attempt to correct these poor results, we replaced the integrated circuit chips on the 
breadboard and continued testing the circuit’s performance.  To measure the differential gain, we 
used a one milli-volt peak sine wave as the input signal and measured the input and output 
voltage using an oscilloscope in the laboratory.  The calculated differential gains for both devices 
are shown in Table 4.   
Frequency (Hertz) Differential Gain for I	A128 Differential Gain for I	A217 
1 82.6 69.2 
2 82.8 81.0 
3 85.3 83.3 
4 89.8 85.0 
5 91.5 89.7 
6 93.1 89.7 
7 90.0 92.9 
8 91.5 92.9 
9 93.3 92.9 
10 94.9 89.7 
20 94.8 94.6 
30 96.6 91.4 
40 98.2 94.6 
50 94.7 92.9 
55 94.7 92.9 
60 96.4 92.9 
65 96.4 91.4 
70 93.1 93.1 
80 98.2 92.9 
90 96.5 92.9 
100 96.4 94.6 
Table 4- Differential gain of the AC-coupled front end and  
instrumentation amplifier using Texas Instruments’ I	A128 and I	A217 
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The differential gain verses frequency of this design using Texas Instruments’ INA128 
instrumentation amplifier is shown in Figure 18, while the differential gain using Texas 
Instruments’ INA217 instrumentation amplifier is shown in Figure 19. 
 
Figure 18- Differential gain and frequency response of the AC-coupled  
front end using Texas Instruments’ I	A128 instrumentation amplifier 
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Figure 19- Differential gain and frequency response of the AC-coupled  
front end using Texas Instruments’ I	A217 instrumentation amplifier 
A common mode signal can be defined as an external noise signal that reaches the 
electrode contacts with the same phase and amplitude (Konrad 2005).  The common mode signal 
can heavily disguise any bioelectric signal, particularly with electromyographic signals since 
they are milli-volts in size.  Because of this problem, we need to ensure that our design has a 
high common mode rejection ratio.  In his text, Allan Hambley describes calculating the 
common mode rejection ratio by taking the base ten logarithm of the differential gain divided by 
the common mode gain and multiplying the result by twenty (Hambley 2000).  Therefore, the 
common mode rejection ratio (CMRR) is equal to 
A = 20 ∗ log  +-??E*F-'G H'-*IJKKJ* KJ+ H'-*. 
 Before we can calculate the common mode rejection ratio, we must first measure the 
common mode gain.  To measure the common mode gain, we applied the same input signal to 
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both inputs, e1 and e2, and then measured the input and output voltages which we used to 
calculate the common mode gain.  For our purposes, we used a five volt peak sine wave as the 
input signal.  The calculated common mode gains for both Texas Instruments’ INA128 and 
INA217 instrumentation amplifiers are shown in Table 5.   
Frequency (Hertz) Common Mode Gain for I	A128 Common Mode Gain for I	A217 
1 0.0067 0.0123 
2 0.0062 0.0090 
3 0.0060 0.0068 
4 0.0060 0.0054 
5 0.0059 0.0043 
6 0.0066 0.0038 
7 0.0053 0.0035 
8 0.0062 0.0031 
9 0.0059 0.0026 
10 0.0049 0.0028 
20 0.0056 0.0020 
30 0.0062 0.0015 
40 0.0048 0.0013 
50 0.0068 0.0012 
55 0.0050 0.0012 
60 0.0047 0.0011 
65 0.0049 0.0014 
70 0.0045 0.0011 
80 0.0047 0.0012 
90 0.0043 0.0012 
100 0.0062 0.0010 
Table 5- Common mode gain for the AC-coupled front end using  
Texas Instruments’ I	A128 and I	A217 instrumentation amplifiers 
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The common mode gain verses frequency for the front end circuit using Texas 
Instruments’ INA128 instrumentation amplifier is shown in Figure 20.  The frequency response 
for the circuit using the TI INA217 instrumentation amplifier is shown in Figure 21.   
 
Figure 20- Common mode gain and frequency response of the AC-coupled  
front end using Texas Instruments’ I	A128 instrumentation amplifier 
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Figure 21- Common mode gain and frequency response of the AC-coupled  
front end using Texas Instruments’ I	A128 instrumentation amplifier 
We can now calculate the common mode rejection ratio using the calculated differential 
and common mode gains found in Table 4 and Table 5 respectively.  A summary of the 
calculated common mode rejection ratios for both instrumentation amplifiers is shown in Table 6 
below.   
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Frequency  
(Hertz) 
Common Mode Rejection Ratio  
Using TI I	A128 (Decibels) 
Common Mode Rejection Ratio  
Using TI I	A217 (Decibels) 
1 81.8 75.0 
2 82.4 79.1 
3 83.0 81.8 
4 83.5 84.0 
5 83.8 86.3 
6 83.0 87.5 
7 84.6 88.6 
8 83.3 89.7 
9 83.9 90.9 
10 85.8 90.3 
20 84.6 93.5 
30 83.8 95.6 
40 86.2 97.1 
50 82.9 97.7 
55 85.5 98.0 
60 86.2 98.9 
65 85.9 96.3 
70 86.3 98.3 
80 86.4 97.7 
90 86.9 98.0 
100 83.9 99.4 
Table 6- Summary of the calculated common mode rejection ratios for the AC-coupled  
front end circuit using Texas Instruments’ I	A128 and I	A217 instrumentation amplifiers 
The common mode rejection ratio verses frequency for the AC-coupled front end circuit 
using the TI INA128 instrumentation amplifier is shown in Figure 22. 
52 
 
 
Figure 22- Common mode rejection ratio for the AC-coupled  
front end using Texas' Instruments I	A128 instrumentation amplifier 
The common mode rejection ratio verses frequency of the front end circuit and the TI 
INA217 instrumentation amplifier is shown in Figure 23 below. 
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Figure 23- Common mode rejection ratio for the AC-coupled  
front end using Texas' Instruments I	A217 instrumentation amplifier 
 We also measured the electrical noise generated from the circuit using the Agilent 
34405A digital multimeter available in the laboratory.  The Agilent 34405A digital multimeter 
features the ability to measure AC-coupled true root mean square (RMS) voltage (Agilent 
Technologies 2009).  Using this multimeter, we measured the wide-band output noise generated 
by the AC-coupled front end circuit using Texas Instruments’ INA128 instrumentation amplifier 
to be 1.1 mVRMS and the circuit using Texas Instruments’ INA217 instrumentation amplifier to 
be 0.68 mVRMS. 
 To find the wide-band noise referred to the input, we must divide the output noise 
measured by the average passband gain.  We calculated the average passband gain for 
frequencies greater than or equal to ten Hertz.  For the design using the INA128 instrumentation 
amplifier, we find that the wide-band input-referred noise equals 1.1 mVRMS divided by 95.9 or 
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the wide-band input-referred noise equals 0.68 mVRMS divided by 92.8 or 7.3 µVRMS.  From our 
calculations, we find that the noise referred to the input is very large since the input-referred 
noise should be less than one microvolt. 
3.2.1 Circuit Sensitivity 
In the previous section, we discovered that the common mode rejection ratio using the 
AC-coupled front end circuit on a breadboard was in the range of eighty to ninety decibels.  We 
must now analyze how mismatched components affect the overall transfer function and the 
values of V1 and V2, the input values to the inverting terminals of the instrumentation amplifier.  
This problem is of particular importance because mismatched components could impact the 
common mode rejection ratio.  Let’s first consider two special cases since the general analysis is 
slightly involved.   
The first case we will consider is when the frequency is equal to zero.  When ω is equal 
to zero, the capacitors appear as open circuits so that the front end circuit can be modeled as 
shown in Figure 24 below. 
 
Figure 24- AC-coupled, front end circuit when ω = 0 
Since the voltages, V1 and V2, are the inputs to the op-amps of the instrumentation 
amplifier and we have previously assumed that the operational amplifiers follow the ideal op-
amp model, we know that the current flowing at V1 and V2 must be equal to zero amperes.  
Therefore, there is no voltage drop across R2 or R2’, thus the central node must equal both V1 and 
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V2; that is, V1 must equal V2.  Hence, the differential voltage, V1-V2 is equal to zero volts.  The 
differential voltage is not dependent on the component values.  
The differential voltage, V1 – V2, is always equal to zero volts regardless of the DC offset 
values at the inputs e1 and e2.  Thus, all input offset voltages will be rejected by the differential 
amplification process provided by the instrumentation amplifier circuit.  This rejection is a very 
good characteristic for our purposes since an offset voltage can disguise the small 
electromyographic signal. 
The other special case we will look at is when the frequency approaches infinity.  At high 
frequencies, capacitors behave like short circuits.  Therefore, when ω approaches infinity, the 
circuit can be modeled as the circuit shown below in Figure 25. 
 
Figure 25- AC-coupled front end circuit when ω → ∞ 
Since the capacitors can be modeled as short circuits, V1 is equal to e1, and V2 equals e2.  
Therefore, the resistors become irrelevant to the analysis of the circuit and do not affect the 
voltages arriving at the instrumentation amplifier inputs.  This result is true regardless of any 
imbalances in circuit components. 
We can now derive the equations needed to analyze the sensitivity of the front end circuit 
over the full range of frequencies.  We will be referencing Figure 26, shown below, throughout 
this analysis. 
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Figure 26- AC-coupled front end circuit with mismatched  
components and the circuit's associated currents 
To simplify our analysis, we can redraw the circuit above so that we may combine 
components and develop an equivalent impedance.  This redrawn circuit is shown below in 
Figure 27. 
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Figure 27- AC-coupled front end circuit  
redrawn to clearly visualize equivalent impedances 
By redrawing the circuit, we can easily see that the circuit between nodes e1 and e2 can be 
modeled by two impedances in series with each other.  We will call these two impedances Ztop 
and Zbottom.  We find that 
 1L = 1 + 1 + 1 . 
After a little algebraic manipulation, we find that 
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L =   + 1 +  + 1 . 
Similarly, we see that the bottom impedance, Zbottom is equal to 
MN = ′ ′ + 1′′ + ′ + 1′ . 
Since the total or equivalent impedance between e1 and e2 can be modeled as Ztop in 
series with Zbottom, we find that 
PQ6R78PS =   + 1 +  + 1 +
′ ′ + 1′′ + ′ + 1′ . 
We can now begin to find values for the currents shown in Figure 26.  The front end 
circuit will inevitably draw at least a small amount of current from the human body.  This current 
can be found by taking the difference between the two electrode voltages and dividing the result 
by the equivalent impedance as shown below. 
-6S = 6S6S =  − PQ6R78PS 
Using the principle of current division, we can write the current i2 as: 
- = -6S ∗ T  +  + 1U =
 − PQ6R78PS ∗ T  +  + 1U 
We can now derive an equation for V1.  From Kirchoff’s Voltage Law, V1 is found to be 
equal to the voltage e1 minus the current i2 multiplied by the impedance of the capacitor. 
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 =  − - =  −  1 VW
X  − PQ6R78PS ∗ T  +  + 1UYZ
[
 
Gathering terms, we find Equation 19 below. 
 
 =  −  − PQ6R78PS  +  + 1 Equation 19 
We can now use the same methodology to develop an equation for V2.  Using the same 
principle of current division, we can find an equation for the current i2
’
. 
-′ = -6S ∗ T ′′ + ′ + 1′U =
 − PQ6R78PS ∗ T ′′ + ′ + 1′U 
Just as we derived an equation to describe the voltage V1, we can use i2
’
 to help us derive 
the similar equation for V2. 
 =  + -′′ =  +  1′ VW
X  − PQ6R78PS ∗ T ′′ + ′ + 1′UYZ
[
 
After algebraic manipulation, we develop Equation 20 shown below. 
 
 =  + ′ − ′PQ6R78PS ′ + ′ + 1′ Equation 20 
Our purpose for this analysis is to see how mismatched component values affect the 
differential voltage arising from the network, which can be found by subtracting V2 from V1. 
 −  =  −  −  − PQ6R78PS  +  + 1 −
′ − \PQ6R78PS ′ + ′ + 1\ 
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If the voltage at e1 and e2 is common, then e1 equals e2 and e1 – e2 equals zero.  Thus, the 
differential voltage, V1 – V2, equals zero.  So a common input voltage leads to a common voltage 
at V1 and V2, which in turn will be rejected by the instrumentation amplifier. When we divide the 
output differential voltage by the input differential voltage, we find the differential transfer 
function for the network as:  
 −  −  = 1 − PQ6R78PS  +  + 1 −
′\PQ6R78PS ′ + ′ + 1\ . 
This equation proves that any common voltage found at the electrode inputs is not 
amplified or enhanced by using this circuit.   
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4. Fabricated Prototype Design 
 In this section, we will discuss the pros and cons of the two new designs, choose a design 
and an instrumentation amplifier, and improve the circuit’s shielding and electrode materials. 
4.1 Summary of Both Designs 
 While there are many different approaches to create an electrode-amplifier with a high 
common mode rejection ratio, low signal to noise ratio, and a high gain, we have investigated 
two new designs, a classic three operational amplifier instrumentation amplifier with a complex 
impedance and an instrumentation amplifier with an AC-coupled front end circuit.  Both of these 
designs are dependent on the choice of an instrumentation amplifier integrated circuit.  We will 
discuss various instrumentation amplifiers in the following section. 
4.1.1 Classic Three Op-Amp Instrumentation Amplifier 
 The first design of our discussion has been the use of a classic, three operational amplifier 
instrumentation amplifier that uses a complex impedance.  The complex impedance consists of a 
resistor and a capacitor in series.  Because of our desire for a high gain and a low high-pass cut 
off frequency, we must use an extremely large capacitor.  Large surface mount capacitors are 
limited in their physical dimensions and can be quite costly.   
While this design requires fewer components than the AC-coupled front end design, the 
physical size of the capacitor influences the size of the printed circuit board and the final size of 
the electrode. 
4.1.2 AC-Coupled Front End Circuit 
 The AC-coupled front end circuit design uses seven components and an instrumentation 
amplifier integrated circuit.  While this design uses more components than the previous design, 
the AC-coupled front end circuit removes any DC offset that occurs between the two input 
signals.  This characteristic is especially important because the true electromyographic signal can 
be passed through the instrumentation amplifier and into the further stages of signal 
conditioning.  
 One of our concerns with this design was the effect of mismatched components on the 
common mode rejection ratio.  Through our analysis in the previous section, we found that any 
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common signal is not amplified even when mismatched components are used.  This circuit 
allows for a larger common mode rejection ratio that other designs and the component values are 
reasonable values that are available in smaller surface mount packaging.  Because we are 
restricted by our ability to solder small surface mount components, the prototype printed circuit 
board will be larger than we originally specified. 
 Because of its AC-coupling and high common mode rejection ratio, we have chosen to 
prototype this design.  We will choose an instrumentation amplifier integrated circuit in the 
following section. 
4.2 Choosing the Instrumentation Amplifier Integrated Circuit 
There are currently many instrumentation amplifiers that are available as integrated 
circuits.  For our purposes, the instrumentation amplifier must have a low input offset voltage, a 
low input bias current, a low input noise, a high common mode rejection ratio, and low power 
consumption, also known as the quiescent current.  We must also look at the gain equation of 
each amplifier and its value of R1. 
4.2.1 Analog Devices AD620 
The AD620 has a typical input offset voltage that ranges from fifteen to thirty micro volts 
and a typical output offset voltage that ranges from two hundred and four hundred micro volts.  
The typical input bias current is half a nano-ampere with a maximum current of two nano-
amperes.  The AD620 offers a common mode rejection ratio ranging from ninety decibels at a 
gain of one to one hundred and thirty decibels at gains greater than or equal to one hundred.  The 
input voltage noise ranges from nine to thirteen nano-volts per square root Hertz, and the output 
voltage noise ranges from seventy-two to one hundred nano-volts per square root Hertz (Analog 
Devices AD620 2004).  A summary of these values can be found in Table 7 below. 
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Gain Equation ,'-* = 1 + 49.4 ^Ω	  
Input Offset Voltage 15 to 30 µV 
Input Bias Current 0.5 to 2 nA 
Common Mode Rejection Ratio  
     Gain of 1 90 dB 
     Gain of 10 110 dB 
     Gain of 100 130 dB 
     Gain of 1000 130 dB 
Input Voltage 	oise 9 FJ 13 *√_ 
Output Voltage 	oise 72 FJ 100 *√_ 
Quiescent Current 0.9 to 1.3 mA 
Table 7- Characteristics of Analog Devices' AD620 Instrumentation Amplifier 
4.2.2 Analog Devices AD8221 
The second integrated circuit instrumentation amplifier we chose was Analog Devices’ 
AD8221.  Having the same gain equation as the AD620, the AD8221 has a typical input offset 
voltage that ranges from twenty-five to sixty micro-volts and a typical output offset voltage that 
ranges from two hundred and three hundred micro volts.  The typical input bias current is two 
tenths of a nano-ampere with a maximum current of one and a half nano-amperes.   
The AD8221 offers a common mode rejection ratio that depends on the frequency range.  
For frequencies ranging from zero to sixty Hertz, the common mode rejection ratio varies from 
eighty decibels at a gain of one to one hundred and forty decibels at gains greater than or equal to 
one thousand.  At ten thousand Hertz, the common mode rejection ratio extends from eighty 
decibels at a gain of one to one hundred and ten decibels at gains greater than or equal to one 
hundred.  The typical input voltage noise is eight nano-volts per square root Hertz, while the 
typical output voltage noise is seventy-five nano-volts per square root Hertz (Analog Devices 
AD8221 2007).  A summary of these values can be found in Table 8 below. 
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Gain Equation ,'-* = 1 + 49.4 ^Ω	  
Input Offset Voltage 25 to 60 µV 
Output Offset Voltage 200 to 300 µV 
Input Bias Current 0.2 to 1.5 nA 
Common Mode Rejection Ratio from DC to 60 Hertz  
     Gain of 1 80 to 90 dB 
     Gain of 10 100 to 110 dB 
     Gain of 100 120 to 130 dB 
     Gain of 1000 130 to 140 dB 
Common Mode Rejection Ratio at 10,000 Hertz  
     Gain of 1 80 dB 
     Gain of 10 90 to 100 dB 
     Gain of 100 100 to 110 dB 
     Gain of 1000 100 to 110 dB 
Input Voltage 	oise 8 *√_ 
Output Voltage 	oise 75 *√_ 
Quiescent Current 0.9 to 1.0 mA 
Table 8- Characteristics of Analog Devices' AD8221 Instrumentation Amplifier 
4.2.3 Texas Instruments I	A103 
We will begin our comparison of five instrumentation amplifier circuits manufactured by 
Texas Instruments by looking at the INA103.  The INA103 boasts a low input noise ranging 
from one to two nano-volts per square root Hertz, but it also has a high input bias current that 
ranges from two and a half to twelve micro-amperes. The INA03 instrumentation amplifier 
offers a common mode rejection ratio ranging from eighty-six decibels at a gain of one and one 
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hundred and twenty-five decibels at a gain of one hundred (Texas Instruments INA103 2000).  A 
summary of key characteristics is shown in Table 9 below. 
Gain Equation ,'-* = 1 + 6 ^Ω	  
Input Offset Voltage 30 + 1200,'-*  e 
Input Bias Current 2.5 to 12 µA 
Common Mode Rejection Ratio  
     Gain of 1 86 dB 
     Gain of 100 125 dB 
Input 	oise  
     10 Hertz 2 *√_ 
     100 Hertz 1.2 *√_ 
     1000 Hertz 1 *√_ 
Output 	oise 65 *√_ 
Quiescent Current 9 to 12.5 mA 
Table 9- Characteristics of Texas Instruments' I	A103 Instrumentation Amplifier 
4.2.4 Texas Instruments I	A128 
While the INA128 has a similar gain equation when compared to Analog Devices’ 
AD620 and AD8221, the INA128, unlike its Analog Devices counterparts, has an input offset 
voltage that depends on the gain.  The typical input bias current is two nano-amperes with a 
maximum current of five nano-amperes.  The INA128 offers a common mode rejection ratio of 
eighty-six decibels at a gain of one to one hundred and thirty decibels at gains greater than or 
equal to one thousand.  The typical input noise depends on the frequency.  For ten Hertz, the 
noise is approximately ten nano-volts per square root Hertz, while at frequencies greater than or 
equal to one hundred Hertz, the noise is eight nano-volts per square root Hertz (Texas 
Instruments INA128 2005).  A summary of these values can be found in Table 10 below. 
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Gain Equation ,'-* = 1 + 50 ^Ω	  
Input Offset Voltage ±10 + 100,'-*  e 
Input Bias Current 2 to 5 nA 
Common Mode Rejection Ratio  
     Gain of 1 86 dB 
     Gain of 10 106 dB 
     Gain of 100 125 dB 
     Gain of 1000 130 dB 
	oise  
     10 Hertz 10 *√_ 
     100 Hertz 8 *√_ 
     1000 Hertz 8 *√_ 
Quiescent Current 0.7 to 0.75 mA 
Table 10- Characteristics of Texas Instruments' I	A128 Instrumentation Amplifier 
4.2.5 Texas Instruments I	A141 
Texas Instruments’ INA141 instrumentation amplifier is unique in that the gain is already 
programmed into the chip.  The default gain is ten, but the user can change the gain to one 
hundred by connecting pins one and eight.  The typical input bias current is two nano-amperes 
with a maximum current of five nano-amperes.  The INA141 offers a common mode rejection 
ratio ranging from one hundred to one hundred and six decibels at a gain of ten and one hundred 
and twenty to one hundred and twenty-five decibels at a gain of one hundred. 
The voltage noise depends on the gain setting and the frequency.  At a gain of ten, the 
noise ranges from twenty-two nano-volts per square root Hertz at ten Hertz to twelve nano-volts 
per square root Hertz at frequencies equal to one thousand Hertz.  At a gain of one hundred, the 
voltage noise varies from ten nano-volts per square root Hertz at a frequency of ten Hertz to 
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eight nano-volts per square root Hertz at one hundred and one thousand Hertz (Texas 
Instruments INA141 2000).  A summary of these values can be found in Table 11 below. 
Input Offset Voltage 20 to 50 µV 
Input Bias Current 2 to 5 nA 
Common Mode Rejection Ratio  
     Gain of 10 100 to 106 dB 
     Gain of 100 120 to 125 dB 
Voltage 	oise with a Gain of 10  
     10 Hertz 22 *√_ 
     100 Hertz 13 *√_ 
     1000 Hertz 12 *√_ 
Voltage 	oise with a Gain of 100  
     10 Hertz 10 *√_ 
     100 Hertz 8 *√_ 
     1000 Hertz 8 *√_ 
Quiescent Current 0.75 to 0.8 mA 
Table 11- Characteristics of Texas Instruments' I	A141 Instrumentation Amplifier 
4.2.6 Texas Instruments I	A163 
Texas Instruments’ INA163 instrumentation amplifier has a gain equation with R1 
equaling three thousand ohms.  Like the INA128, the INA163 has an input offset voltage that 
depends on the gain.  The typical input bias current is two micro-amperes with a maximum 
current of twelve micro-amperes.  The INA163 offers a common mode rejection ratio of seventy 
to eighty decibels at a gain of one to one hundred and one hundred and sixteen decibels at a gain 
of one hundred.   
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The typical input noise depends on the frequency.  For ten Hertz, the noise is 
approximately two nano-volts per square root Hertz, while at frequencies greater than or equal to 
one hundred Hertz, the noise is one nano-volt per square root Hertz (Texas Instruments INA163 
2005).  A summary of these values can be found in Table 12 below. 
Gain Equation ,'-* = 1 + 6 ^Ω	  
Input Offset Voltage ±50 + 2000,'-*  e 
Input Bias Current 2 to 12 µA 
Common Mode Rejection Ratio  
     Gain of 1 70 to 80 dB 
     Gain of 100 100 to 116 dB 
Input Voltage 	oise  
     10 Hertz 2 *√_ 
     100 Hertz 1.2 *√_ 
     1000 Hertz 1 *√_ 
Output Voltage 	oise 60 *√_ 
Quiescent Current 10 to 12 mA 
Table 12- Characteristics of Texas Instruments' I	A163 Instrumentation Amplifier 
4.2.7 Texas Instruments I	A217 
The last instrumentation amplifier chip we will consider is Texas Instruments’ INA217.  
This chip has a gain equation with R1 equaling five thousand ohms.  Like its counterparts, the 
INA217 has an input offset voltage that depends on the gain.  The typical input bias current is 
two micro-amperes with a maximum current of twelve micro-amperes.  The INA217 offers a 
common mode rejection ratio of seventy to eighty decibels at a gain of one to one hundred and 
one hundred and sixteen decibels at a gain of one hundred.   
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The typical input noise is dependent on the frequency.  For ten Hertz, the noise is 
approximately three and a half nano-volts per square root Hertz, while at frequencies greater than 
or equal to one hundred Hertz, the noise is one and a half nano-volts per square root Hertz 
(Texas Instruments INA217 2005).  A summary of these values can be found in Table 13 below. 
Gain Equation ,'-* = 1 + 10 ^Ω	  
Input Offset Voltage ±50 + 2000,'-*  e 
Input Bias Current 2 to 12 µA 
Common Mode Rejection Ratio  
     Gain of 1 70 to 80 dB 
     Gain of 100 100 to 116 dB 
Input Voltage 	oise  
     10 Hertz 3.5 *√_ 
     100 Hertz 1.5 *√_ 
     1000 Hertz 1.3 *√_ 
Output Voltage 	oise 90 *√_ 
Quiescent Current 10 to 12 mA 
Table 13- Characteristics of Texas Instruments' I	A217 Instrumentation Amplifier 
4.2.8 Summary and Decision 
In addition to the characteristics of each individual integrated circuit, we must consider 
the cost and availability of each chip.  The majority of these chips are available in surface mount 
packaging, and a few have dual in-line packaging that can be used in breadboards.  Since we are 
working on a small-scale project, we will use product samples.  Analog Devices offers customers 
two samples of each product, while Texas Instruments gives customers up to five samples per 
product packaging.   
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To budget for as many as five prototyped boards with the same chip, we decided to order 
samples from Texas Instruments.  While we are restricting ourselves to surface mount 
instrumentation amplifiers manufactured by Texas Instruments, we are also forced to order 
devices that have samples available.  Due to these restrictions and that these instrumentation 
amplifiers have nano-ampere level input bias currents instead of micro-ampere level input bias 
currents, we ordered Texas Instruments’ INA141 and INA128 instrumentation amplifiers.  We 
also ordered the INA217 instrumentation amplifier, but we were unable to use it because the 
surface mount packaging uses sixteen pins in a wide surface mount package while the other 
packages have only eight pins (Texas Instruments INA217 2005).  Therefore, we produced the 
final design using Texas Instruments’ INA141 and INA128 instrumentation amplifiers.  The 
printed circuit board designs can be found in Appendix B and Appendix C respectively. 
4.3 Electrical Shielding 
Since the electrode-amplifier circuit must reject as much noise as possible, we must 
consider external electromagnetic interference and their effects on the device.  We can reduce 
this unwanted interference and noise by shielding the electrode cable and the electrode.  From 
our research, we know that the shield enclosure must be connected to the reference plane.  To 
implement this shield, we created a zero reference plane on the bottom layer of the printed circuit 
board.  (This layer can be seen in Figure 45 and Figure 47 in the appendices.)  We then 
connected the cable’s braided shield to this reference plane.   
The cable we will use for our design contains four colored copper wires and a braided 
shield.  The four bunches of copper wires are surrounded with five one-thousandths of a 
millimeter of colored (either black, green, red, or white) polyvinylchloride.  The braided shield 
surrounds the four colored wires and is encapsulated by the cable’s jacket (Cooner Wire: 
Specialty Wire and Cable 2000).  The four cables were assigned to the signal output (white), 
positive power supply (red), negative power supply (black), and the power supply reference 
(green).  A photograph of this cable is shown in Figure 28 below. 
 Figure 28
After stripping the jacket off of the cable, we shortened the amount of the shield that was 
exposed.  We soldered the four cables to the printed circuit board before soldering th
the reference plane.  A photograph of the cable’s shield soldered to the reference plane of the 
printed circuit board is shown in 
Figure 29
soldered to the reference plane of the printed circuit board
4.4 Electrode Materials 
For the prototyped design
will investigate the improvement of the electrode contacts and the mold design.  Because of time 
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- Photograph of a partially stripped cable 
Figure 29 below. 
- Photograph of the cable's braided shield  
 
, we should improve the currently used electrode materials.  
 
e shield to 
 
We 
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and cost constraints, we will use a resin epoxy that can be purchased at any hardware store or 
retail outlet.   
4.4.1 Electrode Contacts 
For our design, we used stainless steel contacts.  Our goal was to create contacts shaped 
like thumbtacks using stainless steel.  Most thumbtacks currently available on the market are 
made of nickel and are coated in a polymer.  Since stainless steel is difficult to machine, we 
investigated methods of creating the contacts using equipment available at Worcester 
Polytechnic Institute.  Unfortunately, the devices available on campus were not able to machine 
these contacts because of the contacts’ small size and precise dimensions.  A diagram of the 
electrode contact design is shown in Figure 30 below
3
.   
 
Figure 30- Diagram of Desired Electrode Contact 
Since we cannot manufacture these contacts, we must look into other forms of stainless 
steel contacts.  In previous designs, stainless steel screws were secured to the printed circuit 
board using washers and nuts because it was difficult to solder stainless steel.  However, we were 
able to find a specialized solder flux and solder that will allow us to solder stainless steel.  This 
solder flux, called Superior No. 71 Stainless Solder Flux Paste, is manufactured by Superior Flux 
and Manufacturing Company.  According to their website, this flux, which is water-based and 
                                                 
3
 Please note that the diagram is not drawn to scale. 
73 
 
contains inorganic acids, is specifically formulated to solder stainless steel, nickel, copper, brass, 
and other difficult to solder metals.  The flux works by removing impurities and the oxide 
coatings from the metal’s surface (Superior Flux and Manufacturing Company 2004).  The 
solder flux and the solder, which is ninety-six percent tin and four percent silver, can be 
purchased from H&N Electronics (H&N Electronics 2008).   
Prior to soldering the stainless steel screws to the printed circuit board, please note that 
the specialized solder flux is highly corrosive and will disintegrate the soldering iron tip.  
Therefore, you should have additional soldering iron tips readily available.  Because of its highly 
corrosive nature and chemical composition, safety precautions must be observed.  These 
precautions, which are available in the material safety data sheet through Superior Flux and 
Manufacturing Company or H&N Electronics, include working in a well ventilated environment 
and wearing gloves and safety goggles (Superior Flux and Manufacturing Company 2004). 
To solder the stainless steel screws, use a small paint brush to carefully add some 
soldering flux paste to the screw’s stem.  You may also dip the screw into the solder paste flux.  
Allow sufficient time to elapse so that the paste can air dry since this elapsed time will activate 
the flux.  For our purposes, we allowed the screws to dry for two hours.  Place the screw on the 
circuit board and begin soldering it with the specialized solder.  Please note that you must solder 
the stem and the base of the screw in order to secure it to the board.  Figure 31 and Figure 32 
show the stainless steel screws soldered to the printed circuit board. 
 
Figure 31- The electrode’s printed circuit board with  
the stainless steel screws soldered to the board 
 Figure 
the stainless steel
4.2.2 Electrode Mold 
 After the printed circuit board has been populated with components and cables, we will 
need to place the electrode in a mol
shown in Figure 33 below
4
. 
Figure 33- Diagram of the mold and its dimensions
                                                 
4
 Please note that this image is not drawn to scale.  This image, excluding the dimensions, is 
courtesy of Salini, Tranquilli, and Prakash 
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32- Side view of the electrode with  
 screws soldered to the board 
d before pouring the resin epoxy.  A diagram of the mold is 
 (Salini, Tranquilli, and Prakash 2003)
(Salini, Tranquilli, and Prakash 2003)
 
 
 
. 
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We created this mold, shown in Figure 34 below, using aluminum and equipment found 
in the ECE Shop.  Once we finished machining the mold, we cut the mold in half vertically.  We 
cut the mold so that it would be easier to remove the cured electrode.  While we used a non-stick 
cooking spray as a release agent before pouring the epoxy, we found that it was extremely 
difficult to remove the electrode from the mold.  We were finally able to remove the electrode 
from the mold by soaking it in pure acetone for several hours.  This removal technique damaged 
the electrode and its circuitry. 
 
Figure 34- Photograph of machined electrode mold made from aluminum stock 
 Since it was difficult to remove the cured, encapsulated electrode from the mold, even 
while using a releasing agent, we needed to investigate other materials to create the mold.  
IllusEffects Studios has developed a silicone rubber that can be used to create any type of mold.  
Since silicone only adheres to itself and does not need a release agent, the mold can be peeled 
away from the cured resin epoxy.  According to IllusEffects Studios, the silicone rubber mixture 
cures at room temperature and can produce exact replicas in high detail.  The mixture has a pot 
life of forty-five minutes and shrinks between three and four tenths of a percent during the curing 
process (IllusEffects Studios 2007).  The silicone rubber mold kit is shown below in Figure 35. 
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Figure 35- IllusEffects Studios silicone mold making kit (IllusEffects Studios 2007) 
 To create the mold using the silicone rubber, you will need a scale, latex gloves, and a 
plastic, disposable bowl and spoon.  Using the scale, pour the silicone rubber base into the bowl 
and then measure its weight.  Calculate a tenth of this weight; this weight will be the amount of 
the silicone rubber catalyst you will need to mix into the base.  Stir this mixture until well 
blended and then pour into the mold (IllusEffects Studios 2007).  Using this method, we crafted a 
mold, shown in Figure 36 and Figure 37 below, for the electrode. 
 
Figure 36- Mold made out of silicone rubber with the printed circuit board inside the mold 
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Figure 37- Mold made out silicone rubber without the printed circuit board inside the mold 
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5. Results and Discussion 
 Once we decided to produce the AC-coupled front end with an instrumentation amplifier 
and choosing the instrumentation amplifiers, we could then begin to fabricate the electrode 
prototypes and test their performance. 
5.1 Electrode Performance 
In testing the prototyped electrodes, we must verify their performance in three areas: the 
differential gain, the common mode rejection ratio, and the output noise of the device.  To 
calculate the common mode rejection ratio, we must also measure and calculate the common 
mode gain. 
We created two copies of one electrode, each using the same AC-coupled front end 
circuit, but with different instrumentation amplifiers.  The AC-coupled front end circuit was 
designed to have a cutoff frequency of one Hertz and an ideal gain of one.  To implement this 
design, we chose 715 kΩ resistors with a tolerance of plus or minus five percent and 0.22 nF 
capacitors with a tolerance of plus or minus ten percent. 
After soldering each printed circuit board, we tested the performance of each device.  
Please note that we powered the instrumentation amplifiers using a positive and negative fifteen 
volt power supply. 
5.1.1 Texas Instruments I	A128 
To implement a gain of one hundred using Texas Instruments’ INA128 instrumentation 
amplifier, we used a 505 Ω resistor with a tolerance of plus or minus five percent.  To measure 
the differential gain, we connected the function generator, with a 50 mV peak sine wave, to the 
electrode inputs.  We connected one probe of the oscilloscope to the electrode inputs and another 
probe to the electrode output.  Upon measuring the input and output voltages, we calculated the 
differential gain for each frequency value.  We then plotted the results, which are shown in 
Figure 38 below. 
As seen in Figure 38, as the frequency gradually increased, the gain also increased.  For 
frequencies greater than or equal to ten Hertz, we find that the average gain is equal to 81.3.  
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This result is significantly less than our desired gain of one hundred, but it can be explained by 
the gain setting resistor value and its tolerance level. 
 
Figure 38- Differential gain for the prototyped AC-coupled front end  
electrode using Texas Instruments' I	A128 instrumentation amplifier 
 As previously stated, we must calculate the common mode gain in order to calculate the 
common mode rejection ratio.  To measure the common mode gain, we connected both electrode 
inputs to the positive terminal of the function generator.  We set the function generator to 
produce a ten volt peak sine wave.  Using the oscilloscope, we measured the input and output 
voltages.  We then calculated the common mode gain by dividing the output voltage by the input 
voltage. 
 The common mode gain verses frequency response is shown below in Figure 39.  As the 
frequency increased, the common mode gain decreased.  At frequencies greater than or equal to 
ten Hertz, the average common mode gain was equal to 0.0014. 
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Figure 39- Common mode gain for the prototyped AC-coupled  
front end circuit using Texas Instruments' I	A128 instrumentation amplifier 
 Now that we have measured and calculated the differential and common mode gain, we 
can calculate the common mode rejection ratio.  The common mode rejection ratio is equal to the 
ratio of the differential gain to the common mode gain.  To convert this ratio to decibels, we take 
the base ten logarithm and multiply that value by twenty. 
 After calculating the common mode rejection ratio, we plotted it verses frequency.  We 
can see from this plot, shown in Figure 40 below, that the common mode rejection ratio increases 
as the frequency increases.  At frequencies greater than or equal to ten Hertz, the average 
common mode rejection ratio equals 95.4 decibels. 
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Figure 40- Common mode rejection ratio for the prototyped AC-coupled  
front end circuit using Texas Instruments' I	A128 instrumentation amplifier 
 A summary of the calculated differential gain, common mode gain, and common mode 
rejection ratios verses the frequency is shown in Table 14.   
To complete our testing of the performance of the AC-coupled front end circuit using 
Texas Instruments’ INA128 instrumentation amplifier, we must measure the output noise.  While 
we used the oscilloscope to measure the differential and common mode gain, we used the 
Agilent 34405A multimeter to measure the wide-band noise at the output of the electrode.  The 
true root mean square voltage of the wide-band noise measured was 0.52 mVRMS.  The noise 
referred to the input is equal to the noise at the output divided by the gain.  Therefore, the wind-
band input-referred noise was equal to 0.52 mVRMS divided by the average gain of 81.3, or 6.4 
µVRMS. 
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Now that we have measured the performance of this device, we see that we were able to 
meet several desired specifications that we stated earlier in this report.  The common mode 
rejection ratio is, on average, greater than ninety decibels and the output noise is quite large.  The 
large output noise can be attributed to the fact that it was measured over a large bandwidth. 
However, the differential gain using Texas Instruments’ INA128 instrumentation amplifier was 
significantly smaller than our desired gain of one hundred.  As previously stated, component 
values, their tolerance levels, and gain error can impact the differential gain. 
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Frequency 
(Hertz) 
Differential  
Gain 
Common  
Mode Gain 
Common Mode Rejection  
Ratio (Decibels) 
1 61.1 0.0121 74.1 
2 70.0 0.0091 77.8 
3 80.0 0.0066 81.7 
4 78.1 0.0062 82.0 
5 80.7 0.0054 83.5 
6 81.0 0.0048 84.5 
7 83.6 0.0060 82.8 
8 85.0 0.0033 88.3 
9 77.3 0.0031 88.1 
10 83.6 0.0032 88.4 
20 81.8 0.0018 93.3 
30 82.3 0.0014 95.2 
40 83.1 0.0013 96.0 
50 78.5 0.0012 96.5 
55 81.8 0.0015 94.9 
60 76.9 0.0013 95.4 
65 78.5 0.0012 96.3 
70 85.8 0.0012 97.3 
80 81.8 0.0012 96.9 
90 81.8 0.0011 97.2 
100 79.7 0.0011 97.6 
Table 14- Summary of differential and common mode gains and the common mode rejection ratio  
for the prototyped AC-coupled front end using Texas Instruments' I	A128 instrumentation amplifier 
5.1.2 Texas Instruments I	A141 
As with the INA128 instrumentation amplifier, we configured Texas Instruments’ 
INA141 to have a gain of one hundred.  To implement this gain, we connected pins one and eight 
of the instrumentation amplifier by making this connection on the printed circuit board during 
manufacturing.  We then began testing this electrode.   
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To measure the differential gain, we connected the function generator, with a 100 mV 
peak sine wave, to the electrode inputs.  We connected one probe of the oscilloscope to the 
electrode inputs and another probe to the electrode output.  Upon measuring the input and output 
voltages, we calculated the differential gain for each frequency value.  We then plotted the 
results, which are shown in Figure 41 below. 
As seen in Figure 41, as the frequency gradually increased, the gain also increased.  For 
frequencies greater than or equal to ten Hertz, we find that the average gain is equal to 95.9.  
This result is much closer to our desired gain of one hundred when compared to the differential 
gain of the electrode when using Texas Instruments’ INA128 instrumentation amplifier.  This 
result can be explained by the precision gain that is programmed into the INA141 chip.  As 
stated earlier, the gain can be set to ten by leaving pins one and eight unconnected, or it can be 
set to one hundred by connecting the two pins. 
 
Figure 41- Differential gain for the prototyped AC-coupled front end  
circuit using Texas Instruments’ I	A141 instrumentation amplifier 
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 To calculate the common mode rejection ratio, we must first measure the common mode 
gain.  To measure this common mode gain, we connected the electrode inputs to the positive 
terminal of the function generator.  We set the function generator to produce a ten volt peak sine 
wave.  Using the oscilloscope, we measured the input and output voltages.  We then calculated 
the common mode gain by dividing the output voltage by the input voltage. 
 The common mode gain verses frequency response is shown below in Figure 42.  At 
frequencies greater than or equal to ten Hertz, the average common mode gain was equal to 
0.0019. 
 
Figure 42- Common mode gain for the prototyped AC-coupled front  
end circuit using Texas Instruments’ I	A141 instrumentation amplifier 
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to the ratio of the differential gain to the common mode gain.  To convert this ratio to decibels, 
we take the base ten logarithm and multiply that value by twenty. 
 After calculating the common mode rejection ratio, we plotted it verses frequency.  The 
plot, shown in Figure 43, clearly shows that the common mode rejection ratio increases as the 
frequency increases.  At frequencies greater than or equal to ten Hertz, the average common 
mode rejection ratio equals 94.1 decibels. 
 
Figure 43- Common mode rejection ratio for the prototyped AC-coupled  
front end circuit using Texas Instruments’ I	A141 instrumentation amplifier 
 A summary of the calculated differential gain, common mode gain, and common mode 
rejection ratios verses the frequency is shown in Table 15.   
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Frequency 
(Hertz) 
Differential  
Gain 
Common  
Mode Gain 
Common Mode Rejection 
Ratio (Decibels) 
1 53.3 0.0008 96.5 
2 61.6 0.0008 97.8 
3 69.1 0.0008 98.8 
4 63.1 0.0008 97.6 
5 65.4 0.0009 97.2 
6 94.8 0.0015 96.2 
7 94.7 0.0011 98.8 
8 90.0 0.0021 92.7 
9 93.1 0.0012 98.1 
10 94.7 0.0012 97.9 
20 96.5 0.0022 92.7 
30 96.5 0.0024 92.2 
40 96.5 0.0015 96.1 
50 98.2 0.0016 95.8 
55 96.4 0.0017 95.1 
60 94.6 0.0018 94.2 
65 94.6 0.0019 94.1 
70 96.4 0.0020 93.8 
80 98.2 0.0020 93.7 
90 93.0 0.0023 92.0 
100 94.6 0.0026 91.3 
Table 15- Summary of differential and common mode gains and the common mode rejection ratio  
for the AC-coupled front end circuit using Texas Instruments' I	A141 instrumentation amplifier 
To complete our testing of the performance of the AC-coupled front end circuit using 
Texas Instruments’ INA141 instrumentation amplifier, we must measure the output noise.  While 
we used the oscilloscope to measure the differential and common mode gain, we used the 
Agilent 34405A multimeter to measure the noise at the output of the electrode.  The true root 
mean square voltage of the wide-band noise measured at the output was 1.25 mVRMS.  Therefore, 
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the wide-band input-referred noise was equal to 1.25 mVRMS divided by an average gain of 95.9, 
or 13.0 µVRMS. 
Now that we have measured the performance of this device, we see that we were able to 
meet several desired specifications that we stated earlier in this report.  The common mode 
rejection ratio is greater than ninety decibels, and in some cases, very close to one hundred 
decibels.  While the differential gain using Texas Instruments’ INA141 instrumentation amplifier 
was not exactly equal to our desired gain of one hundred, this result can be explained to 
component values.  However, we can see that the gain is much closer to our desired gain, when 
compared to the INA128 instrumentation amplifier, because of the precision cut resistors within 
the INA141 instrumentation amplifier.   
While the output noise of this device is larger than that of the circuit using the INA128 
instrumentation amplifier, the overall output noise is relatively large which causes the noise 
referred to the input to also be large.  Typically, the input-referred noise should be less than one 
microvolt RMS and is measured over the limited bandwidth of twenty to four hundred Hertz.  
Because the Agilent 34405A multimeter measures AC voltages over a large bandwidth, the noise 
was measured over a larger bandwidth.  The noise may also be larger than we expected because 
the multimeter included a DC offset within the RMS measurement. 
5.2 Electrode Materials 
 As we began testing the electrodes, we noticed that the measured and calculated 
differential and common mode gain and the common mode rejection ratio were very poor.  To 
see if the problem was a result of a poor electrical contact with the stainless steel screw and the 
pad on the printed circuit board, we attached wires to the inputs e1 and e2 and continued testing 
the boards.  We found that by attaching the outputs of the function generator to the resistor inputs 
of the AC-coupled front end the problem was a result of a poor electrical contact.   
In an attempt to correct this problem, we removed the solder around the screw and 
detaching it from the printed circuit board.  After removing the screw from the board, we added 
more flux to the screw, allowed the flux to activate for at least two hours, and then soldered the 
screw back to the board.  We found that by providing more time for the soldering flux paste to 
fully activate the electrical contact between the stainless steel screws and the board improved.  
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We tested this by using the function generator to input a sine wave into the electrode contacts.  
We then used the oscilloscope to measure the input signal at the electrodes and the signal found 
at the inputs e1 and e2.  These values differed by no more than four milli-volts. 
 We were also able to create a mold that works well.  After creating the original mold out 
of aluminum, we found that the electrode encapsulated by a resin epoxy was difficult to remove.  
Using a silicone rubber from IllusEffects Studios, we created a mold that does not need a release 
agent to remove the finished product. 
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6. Limitations and Recommendations 
Due to time and budget constraints, we were unable to investigate other methods in 
designing and developing electrode-amplifier circuits.  From our analysis of these three 
electrode-amplifier designs- our current design with a gain of twenty, the use of a complex 
impedance with an instrumentation amplifier, and the use of an AC-coupled front end circuit in 
conjunction with an instrumentation amplifier- we have found that the AC-coupled front end 
circuit performed better.     
This design uses an AC-coupled front end circuit in conjunction with an instrumentation 
amplifier.  With this design, we were able to attain large gains close to one hundred and high 
common mode rejection ratios greater than ninety decibels.  The high differential gain helps to 
reduce the amount of noise found in the electromyographic signal, while the AC-coupled front 
end circuit removes most of the DC offset found within the signal.  We were also able to 
electrically shield the electrode by implementing a reference plane on the printed circuit board 
and connecting the cable’s braided shield to the reference plane. 
While we were able to satisfy our electrical design specifications, we were limited by 
physical constraints.  We were unable to machine stainless steel contacts due to their small size 
and the lack of needed machinery and tools.  However, we did discover methods to solder 
stainless steel screws to a printed circuit board by using a soldering flux specifically made for 
stainless steel. 
Since we were limited to the soldering equipment available in the laboratory and most 
parts available in the department’s shop, we were restricted to the physical size of the printed 
circuit board.  For example, we were unable to choose parts smaller than the form factor size 
0805 because of inexperience and the necessary tools needed to solder components of that small 
size.  These restrictions hindered the overall size of the electrode-amplifier. 
In addition to the electrical design of the electrode-amplifier, we were able to develop a 
mold using a silicone rubber material.  This material allows the electrode to be encapsulated 
within a resin epoxy and permit easy removal without the need of a releasing agent.  Since the 
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only other substance that will adhere to the mold is silicone, any other epoxy or electrolytic paste 
can also be used with the mold. 
In the future, we would like to investigate the use of other instrumentation amplifiers and 
enable a selectable gain for gains larger than one hundred.  Having larger gains will aid in the 
reduction of electrical noise, which can disguise the electromyographic signal.  We also hope to 
improve the physical size of the electrode-amplifier, manufacture the stainless steel contacts, and 
develop a better method to solder stainless steel so that there is a stronger electrical connection.  
We would also like to produce a large number of these electrodes and connect them to the signal 
conditioning unit that currently exists and test the electrodes on human subjects. 
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Appendix A:  MATLAB Files 
function H = in_amp4(Rg, Cg, Fmax) 
  
% Mess around with Rg and Cg in series as the instrumentation amp R_G. 
% Assumes transfer function from an TI INA128. 
% Rg is vector of Rg possibles. 
% Cg is corresponding vector of matching Cg values. 
% Fmax is max freq to plot, in Hz. 
  
color = ['-r '; '--b'; ':g ']; 
clf;   
Inc = 0.001; 
f = Inc : Inc : Fmax;  % Frequency in Hertz. 
w = 2 * pi * f;  % Frequency in radians per second. 
R1 = 25000; 
  
axes('FontSize',11,'FontName','Times New Roman'); 
  
hold on 
  
for k = 1:length(Rg) 
  H = ( 2*R1 ./ (Rg(k) + (1./(j*w*Cg(k)))) ) + 1; 
  plot(f, abs(H), color(k,:), 'LineWidth', 2);   
end 
  
Gain = 2*R1./Rg(k); % Passband Gain 
L1 = find( abs(H) > (0.707*Gain) ); % Cutoff frequency index 
Fc = f(L1(1)); 
plot([Fc Fc], [0 Gain], 'LineWidth', 1,'Color', [1 0 1]); 
  
hold off 
  
axis([0 Fmax 0 205]); 
  
title('TI INA128 with R and C in Series','FontWeight','bold',... 
    'FontSize',12,... 
    'FontName','Times New Roman') 
xlabel('Frequency in Hertz','FontSize',12,'FontName','Times New Roman') 
ylabel('Gain','FontSize',12,'FontName','Times New Roman') 
  
text(17, 40, 'Gain = 50', 'FontSize',11,'FontName','Times New Roman'); 
text(17, 90, 'Gain = 100', 'FontSize',11,'FontName','Times New Roman'); 
text(17, 190, 'Gain = 200', 'FontSize',11,'FontName','Times New Roman'); 
text(1.5, 120, 'Cutoff Frequency = 1 Hz', 'FontSize', 11, 'FontName', 'Times 
New Roman'); 
  
figure(gcf) 
  
return 
end 
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Appendix B:  Printed Circuit Board Layout for Texas Instruments I	A141 
 
 
Figure 44- Top Layer of the PCB for the TI I	A141 
 
 
 
Figure 45- Bottom Layer of the PCB Layout for the TI I	A141 
 
 
 
* Please note that all text shown in black is not on the printed circuit board.
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Appendix C:  Printed Circuit Board Layout for Texas Instruments I	A128 
 
 
Figure 46- Top Layer of the PCB Layout for the TI I	A128 
 
 
 
Figure 47- Bottom Layer of the PCB Layout for the TI I	A128 
 
 
 
 
* Please note that all text shown in black is not on the printed circuit board.
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Appendix D:  List of Materials 
• Stainless steel screws (MX-M04 / 06P-25) 
Manufacturer:  Small Parts Incorporated, www.smallparts.com 
• Printed circuit board 
Manufacturer:  ExpressPCB, www.expresspcb.com 
• 715 kΩ resistor, ±5% 
Available from the ECE department shop 
• 505 Ω resistor, ±5% 
Available from the ECE department shop 
• 0.22 nF capacitors, ±10% 
Available from the ECE department shop 
• 4.7 µF capacitors, ±10% 
Available from the ECE department shop 
• INA128 Instrumentation Amplifier 
Manufacturer:  Texas Instruments, www.ti.com 
• INA141 Instrumentation Amplifier 
Manufacturer:  Texas Instruments, www.ti.com 
• Ultra flexible miniature multiconductor cable (NMUF4/30-4046 SJ) 
Manufacturer:  Cooner Wire Incorporated, www.coonerwire.com 
• Superior No. 71 stainless steel solder flux paste 
Manufacturer:  Superior Flux and Manufacturing Company 
Supplier:  H&N Electronics, http://www.ccis.com/home/hn/index_files/Page21.htm 
• 96% Tin, 4% Silver solder 
Supplier:  H&N Electronics, http://www.ccis.com/home/hn/index_files/Page5.htm 
 
